A fundamental question in neurobiology is how animals integrate external sensory information from their environment with self-generated motor and sensory signals in order to guide motor behavior and adaptation. The cerebellum is a vertebrate hindbrain region where all of these signals converge and that has been implicated in the acquisition, coordination, and calibration of motor activity. Theories of cerebellar function postulate that granule cells encode a variety of sensorimotor signals in the cerebellar input layer. These models suggest that representations should be high-dimensional, sparse, and temporally patterned. However, in vivo physiological recordings addressing these points have been limited and in particular have been unable to measure the spatiotemporal dynamics of population-wide activity. In this study, we use both calcium imaging and electrophysiology in the awake larval zebrafish to investigate how cerebellar granule cells encode three types of sensory stimuli as well as stimulus-evoked motor behaviors. We find that a large fraction of all granule cells are active in response to these stimuli, such that representations are not sparse at the population level. We find instead that most responses belong to only one of a small number of distinct activity profiles, which are temporally homogeneous and anatomically clustered. We furthermore identify granule cells that are active during swimming behaviors and others that are multimodal for sensory and motor variables. When we pharmacologically change the threshold of a stimulus-evoked behavior, we observe correlated changes in these representations. Finally, electrophysiological data show no evidence for temporal patterning in the coding of different stimulus durations.
INTRODUCTION
The brain encodes the external world via sensory representations. It does so in a way that these activity patterns convey as much relevant information as possible for the actions that the organism must perform to maximize its chances of survival. The vertebrate cerebellum is believed to be a key player in these sensorimotor transformations and has been shown to be involved in multiple aspects of motor coordination, the calibration of reflexes, the acquisition of fine motor skills, and classical conditioning [1] . The input layer of the cerebellum consists of the cerebellar granule cells, the most numerous neurons in the brain of many vertebrates (including humans). Influential work [2, 3] motivated by anatomical [4] , physiological [5] , and theoretical arguments [6] has had a strong impact on models of cerebellar function.
These models postulate that granule cells provide an expansive recoding of their mossy fiber inputs into a sparse and high-dimensional representation that is recognized and learned by downstream Purkinje cells. These representations must be sparse not only in the space of possible stimuli but also in the temporal dimension, thus allowing a straightforward decoding of time since stimulus onset from their activity. This temporal patterning is believed to underlie the acquisition of appropriately timed cerebellar-dependent conditioned responses [7] (but see [8] ).
Monitoring the physiology of granule cells via electrophysiological recordings is difficult and has most often been carried out in anesthetized rodents [9] [10] [11] . Together with anatomical studies mapping mossy fiber inputs to the granule cell layer [12, 13] , there is growing evidence to show that multimodal inputs are integrated in single granule cells such that they can function as a coincidence detector to recognize complex stimuli (but see [14, 15] ). In addition, recent work has also reported motor signals in granule cells of behaving mice [16, 17] , thus opening the door to addressing issues involving efference copy signals and internal models that have been intensely studied in theoretical work during the last decades [18] .
The larval zebrafish cerebellum, like that of all teleosts, shares the basic structure of its mammalian counterpart yet contains fewer cells by many orders of magnitude. Nonetheless, by just 5 days post-fertilization (dpf), anatomical studies show that the majority of Purkinje cells and granule cells are present in a ratio of approximately 1:20 and have formed the classic three-layered configuration [19] [20] [21] . Purkinje cells are active from 4 dpf [22, 23] , a developmental time point that coincides with the onset of the ability of the zebrafish larva to maintain its balance in the water and perform maneuvers to hunt food and escape predation [24] . This mirrors the timeline seen in the developing rat where the appearance of postural and motor behaviors coincides with the rapid growth of Purkinje cell dendrites from postnatal days 9 to 18 [25] . Purkinje cells show visually evoked responses by 6 or 7 dpf from mossy fibers inputs via the parallel fibers of granule cells, and by this stage, multiple climbing fiber inputs have already been eliminated [22, 26] . Imaging, optogenetic, and lesion experiments in the larval zebrafish reveal that cerebellar neurons are active and indeed necessary during swimming [27] , oculomotor tracking [27, 28] , motor adaptation [29] , and associative learning [30] . The anatomical and functional maturity of cerebellar circuits in the 6-8 dpf zebrafish therefore appear roughly equivalent to the 2-to 3-week-old rodent cerebellum [25, 31] .
The compact size of the zebrafish cerebellum, optical transparency of the tissue, and availability of genetic driver lines to target cerebellar neuron subpopulations provides a unique opportunity to investigate how granule cells encode sensorimotor information. In this study, we harness these possibilities to optically monitor activity in genetically identified granule cells in awake, sensing animals as they are presented with sensory stimuli while simultaneously recording their behavior. Our experiments allow us to study the response properties of the population as a whole and address issues, such as the dimensionality and the sparseness of sensorimotor representations in these neurons. We uncover the anatomical mapping of functional responses across and within sensory modalities. We complement our calcium-imaging experiments with high-temporal-resolution electrophysiological recordings that allow us to investigate whether timing is explicitly encoded in single-cell granule cell activity.
RESULTS

Anatomical Organization of the Zebrafish Cerebellum
The cell types and anatomical organization of the larval zebrafish cerebellum are homologous to the mammalian cerebellum yet offer a more tractable circuit due to the lower number of cells [20] . In larval zebrafish, the cerebellum is located in the dorsal $200 mm of the brain just caudal to the optic tectum ( Figure 1A ) and is therefore accessible for imaging and electrophysiology.
We took advantage of several transgenic gal4 driver lines generated by Takeuchi et al. [32] , whose pattern of expression within the zebrafish cerebellum is limited exclusively to granule cells and their parallel fibers ( Figure S1 ), as shown by previous immunohistochemical and anatomical characterization [32] . The zebrafish cerebellum consists of three lobes: the valvula cerebelli (Va; anterior lobe), the corpus cerebelli (CCe), and the caudolateral lobe, which is further subdivided into the eminentia granularis (EG) and the lobus caudalis cerebelli (LCa) (Figure 1B) [20] . These different transgenic lines have overlapping but nonidentical expression patterns that differed in the density of labeling as well as the lobe specificity [32] , allowing us to obtain maximal coverage for population imaging and also target individual granule cells for electrophysiology ( Figures S1D and S1E ). We performed automated segmentation to identify and quantify granule cell somata across the four transgenic lines used in this study to label granule cells ( Figure 1C ; n = 16 fish). These methods suggest that there are at least 6,000 granule cells in the larval zebrafish cerebellum, a population approximately 20 times larger than the number of Purkinje cells [21] . This system therefore provides a large yet tractable population with which to investigate sparseness and dimensionality.
Zebrafish Granule Cells Have Stereotypical Dendritic Claws and Parallel Fiber Projections
Granule cells across species typically have only three to seven dendrites that each receives excitatory input from a single mossy fiber bouton [4, 33] . The dendrites of granule cells are highly elaborated and appear as claws, each of which makes many thousands of synaptic contacts with a single incoming mossy fiber bouton within a structure known as the glomerulus. This limited number of dendritic claws, and thus synaptic connectivity, has been highlighted by modeling studies as the best configuration for a feedforward network modeled on the granule cell layer given the trade-off between sparseness and information transmission [34] . Studies examining the early developmental stages of the zebrafish cerebellum have shown that granule cell differentiation and migration occur rapidly in the early larva cerebellar during 2-4 dpf [19, 20] . From these studies, we know that a large population of granule cells are established in the three-layered structure of the zebrafish cerebellum by 6 dpf and have fully extended their axons, although the detailed anatomy of these cells, in particular their dendritic morphology and whether or not claws are present, is unknown.
We obtained mosaic expression of a fluorescent reporter construct to visualize the morphology of single granule cells in different regions of the cerebellum (see Supplemental Experimental Procedures). This allowed us to examine how parallel fiber projections and dendritic morphologies varied across granule cells located in different areas of the granule cell layer.
High-resolution imaging of single granule cells showed that those present in the CCe, Va, and EG consistently had between one and four distinct claws (Figures 1D and 1E ; mean ± SD = 2.3 ± 1; n = 107 cells from 86 fish; Figure S1A ). The number and morphology of dendritic claws was stable from 6 or 7 dpf to 11 or 12 dpf (no change in claw number in 15/16 cells from 14 fish; paired sign test p = 0.32) and persisted to 20-22 dpf ( Figure S1C ; n = 2). Labeled granule cells from the LCa had very few claws in 6 or 7 dpf larvae (4/5 with zero claws) but did show protrusions resembling axonal growth cones, which could be related to their relative immaturity compared to granule cells in other regions ( Figure S1A ) [19] . Nonetheless, the majority of granule cells possess the hallmark dendritic claws of mammalian granule cells and, as such, could be capable of receiving and integrating multiple mossy fiber inputs in the input layer of the cerebellar circuit.
As in mammalian cerebella, the parallel fibers extend longitudinally across the mediolateral axis of the cerebellum and are organized in a sheet ( Figure S1A ). Our results reveal five distinct parallel fiber projection types ( Figure S1A ) that correspond to somata location, thus refining our knowledge of the axonal projection map from previous studies [19, 20] . All parallel fibers span the cerebellum in a longitudinal (mediolateral) orientation with the distance covered dependent to a large extent on the width of the cerebellum as it increases along the rostral to caudal axis. Notably, only a subpopulation of labeled granule cells had parallel fibers that project to the crista cerebellaris (CC) of the dorsal hindbrain ( Figure S1A ; n = 9/26 cells), which corresponds to the vestibulocerebellum in zebrafish [19] . This suggests that granule cells with projections to the CC might be enriched for carrying information crucial for vestibulomotor integration, such as motor efference copies. The different dendritic morphologies and parallel fiber projections therefore suggest regional specializations that may link with the functional role of these cells in different sensorimotor processes.
Granule Cell Representations Are Dense across the Population Granule cells are believed to re-encode mossy fiber signals arriving in the cerebellum in a sparse, higher dimensional representation. However, it has never before been possible to measure sparseness experimentally across the entire granule cell population due to the large size of the mammalian cerebellum. Functional imaging of local populations of putative granule cells from a known motor region of the cerebellum in the awake, behaving mouse revealed motor-correlated activity in the majority of these cells [16] , providing evidence for dense granule cell representations in this cerebellar subregion. We therefore took advantage of the compact and optically accessible larval zebrafish cerebellum in order to test the hypothesis that granule cell representations are sparse at the population level, across the entire cerebellum.
We presented three types of sensory stimuli to awake larval zebrafish with genetically encoded calcium indicators expressed in cerebellar granule cells and used a two-photon microscope to image the responses (Figures 2A and 2B ; Movie S1). We imaged every fish throughout the entire volume of the cerebellum. The sensory stimuli consisted of the following: (1) a whole-field red flash of six different durations, (2) a black and red grating that moved forward at one of three speeds (3, 10, and 30 mm/s) or in reverse at 10 mm/s, and (3) a mild electric stimulus delivered to the bath (Figure 2A ). Experiments on transgenic lines expressing calcium indicators pan-neuronally revealed that these stimuli activated visual processing regions and the cerebellum quite specifically (Movie S1). In a subset of these experiments, tail movements were recorded simultaneously with neuronal activity in order to measure behavioral responsiveness to stimuli. Neither the whole-field flashes nor the reverse motion gratings elicited any behavioral response ( Figure 4A ). It is known, however, that larval zebrafish show light-mediated turning [35] and startle responses [36] , which indicates that small changes in luminance are an ethologically relevant stimulus for the animal. The forward gratings elicited forward swimming, a behavior known as the optomotor response, whereas the electric shock was titrated to elicit a short motor response in approximately half of trials.
These imaging experiments in the awake zebrafish revealed dense (non-sparse) activation of the entire granule cell layer in response to the simple stimuli we presented ( Figure 2B ). In a given imaging plane, anatomical segmentation revealed several (A) Stimulus paradigm presented to the larvae. Whole-field flashes were of 50, 100, 200, 500, 1,000, and 3,000 ms durations. Moving gratings were presented for 5 s at three caudo-rostral speeds (3, 10, and 30 mm/s) and one rostro-caudal speed (À10 mm/s). Average luminance across whole-field gratings was half as bright as the red flashes but brighter than the background luminance (shown here as dark gray). A mild (2 mA) electric shock lasting 10-25 ms was also delivered. These stimuli were presented in a randomized order in the experiments but are reshuffled to this order in later panels. Figure S2 and Movies S1, S2, and S3. different response profiles across cells ( Figures 2C and S2 ). Granule cells spanned several imaging planes, and their activity could thus be tracked across multiple trials ( Figures 2C and 2D ). As a first step toward investigating significant stimulus-locked activity, all simultaneously recorded signals from a plane were cross-correlated and clustered, revealing well-defined functional groups ( Figure 2E ). The correlation matrix shows that activity was highly correlated within a group and that most granule cells were active during our experimental paradigm.
Quantifying the activity across all anatomically segmented granule cells from many experiments revealed that over 50% of all granule cells had a maximum change in fluorescence over baseline above 150% ( Figure 2F ; n = 16 fish). This represents a quantification of all granule cells, irrespective of their activity during the protocol, and suggests that the majority of granule cells present in the cerebellum were active in response to at least one of the 11 stimuli presented. Dense activation of granule cells was also observed in response to a movie of natural underwater scenes that had the same average luminance as whole-field flashes (data not shown).
Granule cells express NMDA receptors whose activation by synaptic inputs could also contribute to calcium signals [37] . In order to identify whether we were actually monitoring granule cell spiking, we imaged the parallel fibers in every experiment ( Figure 2G ; Movie S2). Parallel fiber activity showed the same response dynamics and profiles as the somatic signals (Figure 2G ). Additionally, 26/26 electrophysiological recordings from granule cells showed reliable responses to at least one of the stimuli presented, with spiking patterns that precisely reproduce the responses obtained from functional imaging when convolved with the GCaMP kernel ( Figures S3A and S3B ). These data give us confidence that the activity reported by the calcium indicator indeed reports granule cells firing.
The Granule Cell Layer Is Organized Anatomically by Functional Response Type and Displays a Visuotopic Map
Our population imaging results suggested that granule cells had highly stereotyped responses to certain stimuli and pointed toward an enrichment of these response profiles in different areas of the cerebellum. Although it is known that granule cell populations in the different lobes of the zebrafish cerebellum have different developmental pathways, genetic profiles, and parallel fiber projections [19, 20] , it is unknown whether functional specializations are also organized topographically.
In order to look at the anatomical mapping of functional responses, we registered the results of our experiments across all 16 fish in three dimensions to a reference brain [28] . A mask was created from the reference anatomy to encompass the volume in which granule cell soma could reliably be found. We used an unbiased functional segmentation algorithm [28] with a high threshold to identify nearly 13,000 significantly active granule cells. The activity from all of these granule cells was used to estimate the intrinsic dimensionality of the representation, which resulted in a value around seven (see Supplemental Experimental Procedures).
We then performed k-means clustering on the average activity profiles of all neurons to identify seven main clusters from these responses ( Figures 3A, S4A , and S4B; see Supplemental Experimental Procedures). These clusters corresponded to the following response types: luminance excited (this group included two clusters; see Figure S4 ), luminance inhibited, forward motion excited, reverse motion excited, shock excited, and non-specific. We also found several of these same response profiles by performing cell-attached electrophysiological recordings of granule cells with this stimulus set ( Figures S3 and S5 ). Approximately half of all granule cells from our imaging experiments responded to luminance (30% and 23% of all cells were luminance excited and inhibited, respectively). All motion-excited cells were direction selective, with 17% of granule cells being excited by forward motion and half as many responding to reverse motion. No cells were found that showed inhibition in response to motion. Another 9% of cells were shock excited, and the remaining 12% of cells showed no stimulus-locked responses.
In order to look at the distribution of these functional groups across the cerebellum, we used our registration maps for all experiments to color code every voxel in the reference brain based on the most frequent response type of all cells spanning (legend continued on next page) that voxel. Our map reveals a clear link between anatomical location and response profiles of granule cells in support of a modular, lobe-specific specialization of the cerebellum (Figure 3B) . Luminance-excited cells occupy a dense, bilateral area in the most dorsal and medial region of the CCe that is neighbored rostrally and laterally by similarly dense regions of luminance-inhibited cells. The vast majority of granule cells responding to directional motion or to electric shock in the dorsal cerebellum were located in the caudal-most band of cells that compose the LCa. Moving ventrally and laterally, the granule cell response profiles shift to become a mixture of mostly forward and reverse motion-excited responses ( Figure 3B ). The EG, located at the most lateral edges of the cerebellum, is enriched for motion-and shock-excited responses, as is the rostral Va region at this same depth ( Figure 3B ). The location of these anatomical clusters was reproducible in an individual cerebellum and highly conserved across fish, regardless of the transgenic driver line (Figures 3B and 3C) .
Given that many granule cells were identified as luminance excited, we wondered whether this group could be further subdivided with respect to visual receptive field location. There is evidence for fractured somatotopy in the mammalian cerebellum [38] , but due to the difficulty of probing visuotopic maps in an awake, non-decerebrate preparation, a comprehensive mapping of visual responses within the granule cell layer in an awake animal has not been performed until now. In order to determine whether visual responses were organized within a retinotopic map, we divided the visual field into 15 equal vertical (rostrocaudal) and horizontal (left-right) bars that were flashed for 1 s before returning to darkness ( Figure 3D ; see Supplemental Experimental Procedures). This allowed us to estimate the spatial receptive fields of active cells assuming a simple direct product structure.
We found that the majority of luminance-excited granule cells had receptive fields that covered between 5% and 25% of the visual field (data not shown). Receptive fields were equally distributed between the left and right of the visual field, but most of them corresponded to the rostral half ( Figure 3E ). To visualize whether any topographic map existed, we color coded each granule cell based on the position of center of mass of its receptive field (left to right colored in magenta to green and rostral to caudal in orange to cyan). The results show that a symmetrical topographic map indeed exists ( Figure 3E ). Whereas a fine-scale retinotopic map was not observed, we found that most granule cells in the left cerebellum have their receptive fields on the right-hand side of the visual field and vice versa. In addition, most granule cells in the rostro-ventral cerebellum (the Va) had their receptive fields in the caudal half of the visual field. This result shows that, in addition to sensory modality, granule cells in the cerebellum of larval zebrafish convey information about the spatial location of the sensory stimulus. These experiments reveal for the first time a visuotopic map in the granule cell layer of an awake, behaving animal. [39] . We therefore expect to find granule cells that encode information about visual motion as well as the motion of the animal itself. In order to disambiguate sensory and motor-related responses (such as efference copies of signals to spinal locomotor networks) to stimuli that evoke behavior, we performed calcium imaging from granule cells in awake, head-embedded zebrafish (n = 5) while monitoring the movement of the tail, which was freed from the agarose.
Granule Cells
Forward-moving gratings elicited periods of swimming known as bouts, whose latency, duration, and frequency can vary considerably from trial to trial as does the behavioral response to shock. The variable, non-saturating behavioral responses to the moving forward gratings and shock stimulus allow us to disambiguate sensory and motor representations across the granule cell population ( Figure 4A ). The motor output signal from the fish for each trial was convolved with the kinetics of the calcium indicator to produce a motor regressor that we used to identify motor-related granule cells ( Figure 4B ; see Supplemental Experimental Procedures). A regressor for other stimuli, such as forward visual motion, was created to identify sensory responses that would be consistent across trials.
Very high correlations could be found between the calcium signals of individual granule cells and the motor regressor across trials to the extent that all activity peaks in the calcium signal align with an episode of swimming ( Figures 4B and 4C) . A single granule cell can therefore encode the motor activity of the animal irrespective of the sensory stimulus that produces the behavioral response (moving gratings or shock). We hypothesize that these granule cells are receiving motor efference copies and thus coding for the motor activity of the animal, although these responses could also be mediated by reafferent sensory input, such as proprioception or lateral line signals. In contrast, other granule cells were identified whose activity correlated best with forward-moving gratings, regardless of the behavioral response of the fish to the gratings, suggesting that their responses were purely sensory ( Figures 4B and 4C ). Using this regression-based approach and a threshold for correlation coefficients to motor and sensory variables (see Supplemental Experimental Procedures), we identified granule cells from these behaving experiments whose responses to behaviorally relevant stimuli (forward gratings and shock) could be categorized either as sensory or motor related.
Mapping the locations of granule cells onto the reference anatomy revealed distinct areas occupied by these three groups (Figure 4D ). Granule cells that had a sensory response to forward motion were located more dorsally than the other groups, in the LCa and medial CCe, whereas granule cells with sensory responses to shock or with motor responses were spread out in more ventral areas of the CCe as well as the EG and Va (Figure 4D) . These results suggest that some of the ventrally located areas with forward-motion-or shock-excited responses mapped in Figure 3B may in fact correspond to motor responses.
Having identified several clear examples of granule cells that responded to just one of the sensory or motor variables in this experimental paradigm, we also wanted to investigate whether information from multiple sensory and/or motor streams could be encoded in individual granule cells. Although most granule cells appeared to respond to just one sensory or motor variable, our analyses revealed the presence of a small number of granule cells responding to both a sensory and motor-related stimulus (Figures 4C and 4D ; see Supplemental Experimental Procedures). We hypothesized that these might be multimodal granule cells, capable of encoding (and integrating) multiple streams of sensorimotor information. We again used a regressor-based approach to determine what kinds of information putative multimodal granule cells could be encoding.
Correlations of granule cell activity signals across planes with regressors for sensory stimuli and motor activity revealed granule cells that coded for a single sensory stimulus (motion or shock) in addition to motor activity ( Figures 4E and 4F ). These granule cells could be identified by our methods because they appeared to combine information from these different streams in a relatively linear manner, resulting in high-correlation coefficients for both a sensory and motor regressor ( Figure 4F) . Furthermore, the contribution of different regressors to the overall signal could be attributed to individual peaks in the granule cell activity trace ( Figure 4F ). Across all behaving experiments (for which we could unambiguously identify motor-related signals), only three combinations of multimodal responses were seen in the populations, all for motor activity and an additional single sensory stimulus: shock; forward motion; or reverse motion ( Figures 4E and 4F) . Even in these multimodal granule cells, it appears that the presentation of a simple stimulus is sufficient to drive spiking (Figure 4F) . Coincident stimuli from different modalities are therefore not necessary for these cells to reach threshold, as has also been demonstrated for sensory responses in granule cells in mice [40] .
Surprisingly, no granule cells were found that coded for both luminance and motor activity despite the respectively large number of luminance-responsive granule cells that were identified ( Figure 3A) . Furthermore, across all behaving (n = 5 fish) and paralyzed population imaging experiments (n = 21 fish), we failed to find any granule cells that appeared to encode more than one type of sensory stimulus. Instead, all multimodal cells we identified encoded one sensory and one motor-related variable. Although for practical reasons only two sensory modalities and a limited parameter space was explored in these experiments, these results suggest that multimodality in larval zebrafish granule cells may be specialized for sensorimotor integration rather than the integration of multimodal sensory signals.
Changes in Granule Cell Sensory and Motor Representations Correlate with a Pharmacologically Induced Change in Behavioral Sensitivity
In order to investigate the behavioral relevance of the granule cell representations we observed, we developed a pharmacological protocol that elicited swimming responses to previously neutral changes in luminance. Both local unilateral (n = 8) and bilateral (n = 7) injections of 10 mM bicuculline, a GABAA receptor antagonist, led to an immediate increase in luminance-evoked swimming behavior ( Figure 5A ). This robust behavioral phenotype emerged rapidly following injection and then behavior returned to baseline following washout of the drug ( Figure 5A ). The same behavioral phenotype was observed and maintained in the continuing presence (20-30 mM bath application) of bicuculline (n = 29; data not shown).
Having established a paradigm to acutely change sensorimotor behavior, we next performed two-photon functional imaging of a single cerebellar plane in order to monitor the activity of granule cells over this time course. We observed the widespread activation of granule cells following bicuculline treatment that correlated highly with the increased behavioral responsiveness of fish to visual stimuli ( Figure 5B ). Many granule cells acquired responses that correlated with motor activity whereas others showed newly acquired responses to luminance (Figures 5B-5D ). Electrophysiological recordings also revealed that single granule cells that were previously unresponsive to whole-field flashes started to fire strongly in response to these stimuli following bicuculline treatment (n = 3; data not shown). Although these data are only correlational in nature, they suggest that changes in behavior, here mediated by the acute pharmacological blockade of GABAergic signaling in the cerebellum, are accompanied by alteration changes in granule cell representations at both the single-cell and population level.
Cerebellar Granule Cells Show No Evidence for Temporal Patterning in the Coding of Different Stimulus Durations
Classical theories of cerebellar function predict that representations of a sensory stimulus should be both sparse across the population as well as in time. In this context, granule cells effectively act as leaky integrators whose time constants contribute to temporal patterned output of mossy fiber input [18] . We hypothesized that, by presenting simple visual stimuli (flashes) of different durations, we would elicit visual responses from granule cells with a distribution of temporal patterns. Our calcium-imaging experiments showed that responses were not sparse across the population but could not resolve to what extent an individual granule cell responds to a stimulus with a sparse, temporally patterned spiking output. We performed cell-attached and whole-cell recordings from granule cells in awake, paralyzed larvae to examine visually evoked spiking and synaptic inputs at high temporal resolution.
Contrary to the expectation that we would find diverse temporal patterning across both stimulus durations and different granule cells, we instead found that granule cells responded to changes in luminance in a highly stereotyped manner with no evidence of temporal patterning. This was true for both luminance-excited ( Figures 6A and 6B ) and luminance-inhibited cells ( Figures 6C and 6D ). Both types of luminance-responsive granule cells also produced bursts of spikes during moving gratings that were fixed to the frequency of luminance transitions in either a forward or backward direction ( Figures S5A-S5C) , showing that their stereotyped responses to luminance were not altered by motion.
Looking across all recordings from luminance-excited cells, we see an average temporal profile of increased firing activity that begins following a short latency delay (<100 ms) and peaks several hundred milliseconds after stimulus onset ( Figure 6B , left panel; n = 9). Firing rates remain elevated relative to baseline until stimulus offset, at which point they return to pre-stimulus levels within several hundred milliseconds ( Figure 6B, right panel) .
Luminance-inhibited granule cells, in contrast, showed a reduction in firing rate during flash stimuli from already low baseline rates to almost zero ( Figures 6C and 6D , left panel; n = 6); however, this population may in fact be underestimated due to a floor effect: the difficulty in resolving small changes in firing rate from cells with an already low baseline activity. Our electrophysiological recordings revealed an interesting additional feature of luminance-inhibited granule cells, the presence of a post-stimulus rebound increase in firing ( Figures 6C and 6D) . The firing rate rebounded strongly in a period several hundred milliseconds following stimulus offset, to a maximum firing rate that scaled with longer periods of inhibition as determined by stimulus duration (Figure 6D) .
Whereas the firing rates of luminance-excited and inhibited cells did not further increase or decrease, respectively, beyond 500 ms, rebound spiking in the latter group reached firing rates that increased linearly with stimulus duration ( Figure S4D) . Further whole-cell electrophysiological analyses of these cells is needed to determine whether the post-inhibitory rebound is due to intrinsic or synaptic properties, but this may be one way in which either the representation of a stimulus can be expanded in time following stimulus offset or the duration of the preceding flash may be decoded by measuring the magnitude of the rebound.
Additional cell-attached recordings were obtained from granule cells with other response profiles, including forwardmotion-excited (n = 5) and shock-excited (n = 6) cells ( Figure S5 ). The spiking of cells to their preferred stimulus within a response type was highly stereotyped with respect to temporal patterning, tuning preference, latency to the first spike, and change in gain of firing during their preferred stimulus ( Figure S5 ). The temporal profile of these responses were furthermore consistent across repeated trials for a given granule cell ( Figure S6) .
In order to examine the temporal patterning of inputs to granule cells in more detail, we obtained a whole-cell recording from a luminance-excited granule cell while presenting wholefield flashes of ten different durations, ranging from 50 ms to 5 s ( Figure 6E ). The frequency of excitatory synaptic input to this cell is low at baseline but increases strongly in response to whole-field flashes. The temporal patterning of the synaptic input during stimulus presentation closely matches the firing patterns seen in the cell-attached recordings as well as recordings from other granule cells [10, 17] . These data support previous observations that the relationship between granule cells depolarization and spiking output is fairly linear during low-intensity sensory activation [14, 15] . In summary, our electrophysiological data show that luminance-responsive granule cells can encode the presence of a visual stimulus, such as a whole-field flash, by increasing or decreasing their firing rate over this same duration but do not produce further temporal patterning.
DISCUSSION
Granule Cell Population Recordings in the Behaving Animal Decades of cerebellar research led to an intricate understanding of cerebellar anatomy and considerable knowledge about the physiological properties, including synaptic plasticity, of the principal cell types. In parallel with these studies, elegant theories of how cerebellar circuits carry out motor control and learning have been proposed [1] [2] [3] . In particular, a central tenet of cerebellar theory proposes that the role of the granule cell layer is to produce a sparse, high-dimensional, temporally patterned recoding of incoming mossy fiber signals. Our largescale functional imaging of the cerebellar granule cell population in the awake, behaving zebrafish instead reveals a dense, lowdimensional representation of sensory and motor information that together with electrophysiological data shows no evidence of temporal patterning. Instead, many granule cells are strongly driven to fire in a stereotyped manner by a preferred sensory or motor stimulus.
Granule Cell Representations Are Sparse and Low Dimensional
The notion that granule cell representations should be sparse has pervaded theories of cerebellar function. At a population level, a sparse-dispersed code is one in which many neurons are available yet only a small subset is active in response to a given stimulus and different stimuli activate different subsets [41] . However, establishing population sparseness requires the monitoring of activity throughout the whole population of neurons. Our experimental stimuli explored a limited parameter space within only two sensory modalities in addition to motorrelated inputs, yet our imaging results show that a large percentage of the overall population of granule cells responds to a given stimulus. However, in agreement with the idea that representations are dispersed across the population, we do find that the overwhelming majority of granule cells respond to a single stimulus in our experiments and thus belong clearly to one functional ''subset'' of the population.
The large number of luminance-responsive granule cells is unexpected given the expectation of sparse coding in the cerebellar input layer (but see [42] ) and the lack of a behavioral response in larval zebrafish to our presentation of whole-field flashes. Nonetheless, from larval stages, zebrafish do show a robust preference for light areas over dark and produce a startle response following large, abrupt changes in light intensity [36] .
This suggests that relatively simple visual information, such as luminance levels, have a high ethological relevance for the larval zebrafish. In accordance with this, a red flash has been successfully used as a conditioned stimulus to drive behavior in associative learning in zebrafish larvae [30] . Although the sparseness of representations in the zebrafish cerebellum may change during further development, our findings provide evidence for dense representations of sensory and motor information at a stage in which the zebrafish cerebellum is needed for sensorimotor adaptation and associative learning.
A different notion of sparseness applies to an individual neuron's activity, that of lifetime sparseness [41] . For a neuron to be sparse in this sense, it should be strongly activated in the presence of its preferred stimulus but otherwise fire only rarely. It has been shown that granule cells have a very low basal firing rate but can fire readily with single presynaptic mossy fiber activation, allowing granule cells to relay incoming sensory or motor information to downstream Purkinje cells with high fidelity [40] . Our experiments reveal granule cells with a range of low to moderate baseline firing rates that switched to firing at relatively high frequencies in response to their preferred stimulus, suggesting that these response profiles indeed showed lifetime sparseness.
Granule Cells Do Not Exhibit Temporal Patterning
The extremely high stereotypy of responses across granule cells as measured by both electrophysiology and calcium imaging suggests that these cells may not exhibit diverse temporal patterning in response to simple stimuli, in contrast to observations in some other systems [43] . Instead, granule cell spiking under the conditions of low to moderate sensory stimulation in our study may faithfully follow the timing of mossy fiber excitation as has been shown in the responses of mammalian granule cells to somatosensory stimulation [14, 15] . More work is needed to characterize the physiology of mossy fiber inputs to granule cells in order to understand how incoming information is transformed by or represented in granule cells.
Certainly, if all luminance-responsive granule cells encode luminance parameters in the same stereotyped way, it is not clear how sensorimotor calibration/adaptation would proceed. Nonetheless, because larval zebrafish are capable of visually guided motor adaptation [29, 44] and cerebellar-dependent associative learning of a visual stimulus [30] , this suggests that motor learning can nonetheless occur within this framework. Granule cells in the zebrafish cerebellum may produce temporally patterned responses in other experimental paradigms, at later developmental stages or after a given stimulus acquires behavioral relevance. Having characterized the responses of granule cells in the naive animal to relatively simple, low-dimensional stimuli, we now have a basis from which to explore possible higher-dimensional representations that could be engaged in motor adaptation and learning in the awake, behaving zebrafish.
A Small Number of Granule Cells Show Multimodal Responses that May Preferentially Integrate Sensory and Motor Information
In our study, most granule cells have activity across trials that correlates very well with a single sensory or motor variable in our experimental paradigm but rarely multiple modalities of those tested. Indeed, the anatomy of these granule cells, which have on average of just two or three claws (rather than the typical four found across mammalian species), suggests that the opportunities for multimodality in these cells' inputs is more limited. Although our electrophysiological recordings could not extensively sample across the entire cerebellum, our population imaging experiments found only a small number of multimodal granule cells despite the wide coverage. We could not probe all sensory modalities in this study; however, it is revealing that, of the large number of granule cells that we observed that responded to changes in luminance, not a single one of these cells also had responses to shock or to motor activity, despite these responses also being present in large numbers of granule cells. It has been previously shown that multiple inputs to granule cells can carry information from the same sensory modality, thereby increasing the signal to noise ratio for a particular stimulus [14, 15] . This apparent trade-off between coincidence detection and robust signal processing may explain why functional studies have found the percentage of multimodal granule cells to vary greatly depending on the specific cerebellar region and modalities being tested [11, 15, 45] .
We found no granule cells that were responsive to more than one type of sensory stimulus presented, yet we nonetheless identified some granule cells that encode information about both sensory and motor information by using sensory stimuli that were carefully titrated to make it possible to disambiguate these variables in the responses. We believe that the motorrelated activity observed here resembles a motor efference copy that is sent to the granule cell layer [46] , although we cannot rule out a contribution of lateral line or mechanosensory inputs. We are only just starting to understand which aspects of motor output are encoded in the activity of cerebellar neurons, including granule cells [17] ; however, our findings raise interesting considerations about how granule cells may carry out sensorimotor coordinate transformations by simultaneously coding for sensory and motor variables [47] . Our pharmacological experiments furthermore revealed large changes in sensorimotor representations in granule cells during a pharmacologically induced behavioral sensitization, representing the first step toward characterizing how sensorimotor variables specific for both innate and newly acquired behaviors are encoded in the cerebellum. These findings provide evidence for sensory and motor integration in single granule cells but in general suggest that the zebrafish cerebellum may be better suited in this context to reliably transmit sensory or motor-related signals than perform coincidence detection. Future work exploring responses to a broader set of sensory stimuli in the larvae or using anatomical methods to map mossy fiber inputs to single cells will allow us to better characterize the degree to which multimodality is a common property of granule cells in the zebrafish cerebellum.
Maps and Topography
The mapping of granule cell proprioceptive and tactile receptive fields using classical electrophysiology suggested the presence of a ''fractured'' somatotopic map present in the cerebellar input layer [48] , although it is unclear whether these maps are actually present under physiological conditions [49] . Due to the difficulty of recording sensory responses from the cerebellum in the awake animal, there is little knowledge of the fine-scale mapping of other sensory modalities, such as vision or audition across the granule cell layer. Here, we reveal a map of activation in the granule cell layer, where responses to different modalities are clustered within subregions of the input layer. Matsui et al. [27] have previously mapped Purkinje cell activity during the optomotor (OMR) and optokinetic responses (OKR) in the larval zebrafish cerebellum, revealing loci of activity in distinctive rostromedial and caudal areas of the cerebellum, respectively. In keeping with these findings, our results show that the parallel fibers of granule cells responding to forward-moving stimuli (that evoke OMR) pass through the medial cerebellum. Furthermore, our functional imaging revealed many active putative presynaptic parallel fiber terminals in this area that could contact Purkinje cell dendrites. These converging results support a modular organization of the larval zebrafish cerebellum where distinct regions may be involved in controlling different sensorimotor behaviors.
We also show that a clear lateralization of information is present within the visually responsive subregion, suggesting that incoming mossy fiber afferents are ordered with respect to the visual world. Nevertheless, as all retinal ganglion cell axons in zebrafish cross the midline and the granule cell visual receptive fields are not purely contralateral, this indicates that the cerebellum receives visual information that has already undergone a certain level of spatial processing. This work provides a functional map of visual-, shock-, and motor-related input to the granule cell layer and underscores a need to understand the mapping of diverse presynaptic inputs onto individual and potentially multimodal granule cells.
Outlook
In summary, by leveraging the possibilities offered by larval zebrafish as a vertebrate model organism, in this study, we were able to monitor the activity of most cerebellar granule cells in an animal while it performed a sensorimotor behavior. By characterizing the responses at a population level, we were able to observe that these neurons are highly organized according to sensory stimulus, visual receptive field, and behavioral relevance of the stimulus. Our results reveal representations that are dense at the population level and at the individual level show little to no temporal patterning at a stage when the larval zebrafish is capable of performing cerebellar-dependent sensorimotor adaptation and learning. As the zebrafish cerebellum matures, we may expect structural and functional changes in these circuits with concomitant changes in sparseness, multimodality, and temporal patterning [50] . In particular, the characteristics of granule cell coding may change to support the growing behavioral complexity of the animal. Although the study raises many questions, we believe that it provides valuable insights that will help us understand the sensorimotor transformations that occur at the granule cell layer and in the vertebrate cerebellum as a whole.
EXPERIMENTAL PROCEDURES
A mix of Tuepfel long-fin (TL) wild-type strain as well as the following transgenic lines were used for experiments: Tg(gSA2AzGFF152B), Tg(gSAIzGFFM765B), Tg(gSAG6A), Tg(gSAIGFF23C), Tg(SAGFF(LF)128A), Tg(hspGFF57A), Tg(SAGFF(LF)157B), and Tg(hspGFFDMC90A), acquired from M. Hibi and K. Kawakami [32] . All experiments were performed using larvae at 6 and 7 dpf in accordance with approved protocols set by the Max Planck Society and the Regierung von Oberbayern. Anatomical labeling, behavior, functional imaging, electrophysiology, and data analysis are described in Supplemental Experimental Procedures. 
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